We test the hypothesis that the apparent axis ratio of an elliptical galaxy is correlated with the age of its stellar population. We find that old ellipticals (with estimated ages t > 7.5 Gyr) are rounder on average than younger ellipticals. The statistical significance of this shape difference is greatest at small radii; a Kolmogorov-Smirnov test comparing the axis ratios of the two populations at R = R e /16 yields a statistical significance greater than 99.96%. The relation between age and apparent shape is linked to the core/power-law surface brightness profile dichotomy. Core ellipticals have older stellar populations, on average, than power-law ellipticals and are rounder in their inner regions. Our findings are consistent with a scenario in which power-law ellipticals are formed in gas-rich mergers, while core ellipticals form in dissipationless mergers, with cores formed and maintained by the influence of a binary black hole.
INTRODUCTION
In the standard classification scheme devised by Hubble (1926) , the apparent shape of an elliptical galaxy is designated by a single number; each elliptical is given the label 'En', where n is ten times the ellipticity of the galaxy's projected image, rounded to the nearest integer. In actuality, of course, the structure of an elliptical galaxy is too complicated to be summed up in a single number. When the surface brightness of an elliptical is fitted with elliptical isophotes of semimajor axis a and semiminor axis b, it is found that the axis ratio q ≡ b/a is a function of the isophotal radius R ≡ (ab) 1/2 . The majority of ellipticals have axis ratios q that decrease with R or remain roughly constant; however, some ellipticals become rounder with increasing R, or have q(R) that varies irregularly (Bettoni et al. 1997) .
It isn't surprising that the shapes of elliptical galaxies can vary with radius, since the processes that sculpt galaxies are different in the inner and outer regions. It appears from a growing body of evidence that most, if not all, elliptical galaxies harbor a central supermassive black hole (Kormendy & Richstone 1995) . A black hole can have a significant effect on the stellar distribution in an elliptical galaxy's inner regions; by disrupting box orbits, it drives an initially triaxial galaxy to a more nearly axisymmetric shape (Ger-⋆ email: ryden@astronomy.ohio-state.edu hard & Binney 1985; Norman et al. 1985; Valluri & Merritt 1998) . The outer regions of elliptical galaxies, particularly in rich clusters and compact groups, will be shaped by tidal encounters with neighboring galaxies.
At a given time, we expect the shape of an elliptical galaxy to be a function of radius. Moreover, at a given radius within a galaxy, we expect the shape to be a function of time. In the hierarchical clustering model for the formation of structure, ellipticals form by the merger of smaller galaxies. Mergers of galaxies with roughly equal mass create merger remnants which are flattened; the ratio of shortest to longest axis is typically γ ≡ c/a ∼ 0.5 (Barnes 1992; Springel 2000) . For a dissipationless merger, the elliptical remnant may be oblate, prolate, or triaxial, depending on the initial geometry of the merger (Barnes 1992) . The presence of gas in the merging galaxies doesn't strongly affect the axis ratio γ, but tends to make the remnant more nearly oblate (Springel 2000) . Thus, the overall shape of an elliptical galaxy depends on whether the most recent major merger in its history was gas-rich or gas-poor. In addition, if each of the two merging progenitors contains a central black hole, the two black holes will significantly affect the structure of the merger remnant as they gradually spiral together and coalesce. By ejecting stars, the black hole binary carves out a central core with stellar density ρ ∝ r −α , with α ∼ 0.5 (Ebisuzaki et al. 1991; Makino & Ebisuzaki 1996) . The binary black hole undergoes a random walk as it ejects stars from the core (Merritt 2001) , tending to create a cuspy core which is more nearly spherical than the flattened, γ ∼ 0.5, merger remnant.
In view of these physical considerations, we expect the shape of an elliptical galaxy to depend on its merger history and to be modified in its central regions by the effects of massive black hole binaries. In general, elliptical galaxies formed in a major merger will become rounder with time (at least in their inner regions). The same physical processes that affect the shape of an elliptical galaxy may also modify its luminosity profile; thus, we might expect 'core' ellipticals to differ significantly in shape from 'power-law' ellipticals. The purpose of this paper is to test these naïve expectations by examining the projected axis ratios q of a sample of nearby bright elliptical galaxies, as a function of galaxy assembly age (t), isophotal radius (R), and luminosity profile type (core or power-law).
In section 2 of this paper, we describe how we assign an age t to each galaxy in our sample. In section 3, we describe how we determine the shape profile q(R) for each galaxy. In section 4, we examine the relation between q and t at different fiducial radii. In section 5, we discuss how the age -shape relation differs for core ellipticals and for powerlaw ellipticals. Finally, in section 6, we consider how these results shed light on the evolution of elliptical galaxies and the origin of the core/power-law dichotomy.
AGE DETERMINATION
If an elliptical galaxy is formed by the successive merger of smaller galaxies, then assigning an age to that galaxy becomes an exercise in ambiguity. In this paper, we are concerned with how the shape of a galaxy changes as it evolves dynamically. Thus, the most useful definition of a galaxy's age, for our purposes, is the time that has elapsed since the galaxy last underwent a major merger. If the merging galaxies contain gas, then the gas loses angular momentum during the course of the merger and flows to the centre, where it triggers a brief but intense burst of star formation (Barnes & Hernquist 1991 , 1996 Mihos & Hernquist 1994 , 1996 . The time since the last major merger (if the merging progenitors contained significant amounts of gas) should be equal to the age of the youngest stars in the central region of the elliptical.
The age determinations used in this paper are drawn from the recent catalogue of Terlevich & Forbes (2000) . This catalogue contains galaxies for which there exist highquality Hβ and [MgFe] absorption line indices. Using the stellar population model of Worthey (1994) , these line indices are used to break the age/metallicity degeneracy, giving separate age and metallicity estimates for the galaxies in the catalogue. The line indices used by Terlevich & Forbes (2000) come from the galaxies' central regions and are luminosity weighted. Thus, they are dominated by the last major burst of star formation at the centre of each galaxy. The age determinations are therefore likely to reflect the time since the most recent major merger in the galaxy's history. (One caveat must be added: if a major merger is purely dissipationless, it will not trigger a burst of star formation, and thus will not leave its mark on the stellar population.) Terlevich & Forbes (2000) provide ages for ∼ 150 relatively nearby galaxies. We eliminated from our sample galaxies with estimated ages t > 17 Gyr; these galaxies may have authentically old stellar populations, but they may also be suffering from residual Hβ emission. Of the remaining galaxies, we select the 68 galaxies classified by Terlevich & Forbes as E galaxies, the 5 galaxies classified as cD galaxies (NGC 1399, NGC 2832, NGC 4839, NGC 4874, and IC 5358) , and the one galaxy classified as cE (NGC 221); the morphological types used by Terlevich & Forbes were taken from the NASA/IPAC Extragalactic Database. The 74 galaxies in our sample are listed in Table 1 , along with their ages as estimated by Terlevich & Forbes (2000) . It is important to note that the overall calibration of the ages is somewhat uncertain, although the relative ranking of the ages is quite robust.
APPARENT SHAPE DETERMINATION
The 74 galaxies in our sample are relatively nearby, with distances ranging from 0.72 Mpc for NGC 221 to 112 Mpc for IC 5358, with a median distance of 23 Mpc (assuming H0 = 75 km s −1 Mpc −1 ). The galaxies are a mix of field galaxies and galaxies from groups and clusters, with 9 galaxies from the Fornax cluster, 11 from the Virgo cluster, and 11 from the Coma cluster. Most of the galaxies have photometric data available in the published literature. Values of the effective radius Re for each galaxy in the sample were taken from Faber et al. (1989) , when available. For those few galaxies not assigned a value of Re by Faber et al. (1989) , the effective radius was taken from other sources. Table 1 gives the adopted value of Re for each galaxy.
Once a value of Re was assigned to each galaxy, we used published isophotal data to find the axis ratio q ≡ b/a at six reference radii: R ≡ (ab) 1/2 = 2 n Re, where n = −4, −3, . . ., +1. We found published isophotal fits based on groundbased data for 65 galaxies in our sample, and fits based on Hubble Space Telescope (HST) data for 29 galaxies in our data. We searched the HST archive for additional images in which galaxies from our sample were located on the PC chip of WFPC2. Galaxies with substantial central dust were excluded from analysis, leaving 24 additional galaxies. These were then modelled using the ISOPHOTE package in STSDAS. The sources of isophotal information for each galaxy are listed in Table 1 . Fortunately, the axis ratio q is a robust parameter which does not significantly depend on the isophote-fitting algorithm used. Moreover, for elliptical galaxies, q does not strongly depend on the filter used. Thus, for galaxies with multiple sources of isophotal information, the values of q tabulated in Table 1 are simply the average value of q taken from all relevant sources. To minimize the effects of seeing, we discarded all isophotes with R less than 3 times the FWHM of the relevant observation (assumed to be 0.1 arcsec for HST). Figure 1 shows a plot of the apparent axis ratio q versus the computed galactic age t at our six reference radii, Re/16 through 2Re. In each panel, each point represents a different galaxy. Particularly at the smallest reference radius, Re/16, 16. 2 R e Figure 1 . Isophotal axis ratio q as a function of age estimate t at R = Re/16, Re/8, Re/4, Re/2, Re, and 2Re. Galaxies with core profiles are indicated by squares, galaxies with power-law profiles are indicated by triangles, and galaxies with unknown profile type are indicated by open circles.
THE AGE -SHAPE RELATION
there is a significant correlation between q and t, with old galaxies tending to be rounder than young galaxies. The tightness of the correlation decreases at larger radii.
To quantify the statistical significance of the difference in shape between young and old ellipticals, we ran a number of Kolmogorov-Smirnov tests, comparing the distribution of q for young galaxies (t ≤ t0) with that for old galaxies (t > t0). By computing the KS probability PKS for different values of the dividing time t0, we found t0,m, the value of t0 which minimizes PKS, and hence maximizes the shape difference between young and old ellipticals. Interestingly, for all six of our reference radii, PKS is minimized at t0,m ≈ 7.5 Gyr.
(At R = Re/16, there is an additional minimum in PKS, of comparable depth, at t0 = 9.5 Gyr). Since the sample of galaxies used to determine t0,m is different at different values of R, though, the prudent reader should not place too much emphasis on the dependence of t0,m; the more physically significant relation is the dependence of q on t at a given value of R. For the rest of this paper, we will define 'young' ellipticals as having t ≤ 7.5 Gyr and 'old' ellipticals as having t > 7.5 Gyr. Table 2 gives the numbers Nyoung and N old of young and old ellipticals in our sample at each reference radius, as well as the mean axis ratios q young and q old and the KS probability measuring the difference in the shape distribution for young and old galaxies. Although the probability PKS = 0.0034 measured at Re/16 is impressively small, remember that the dividing line t0 = 7.5 Gyr between young and old galaxies was specifically chosen to minimize PKS, and not set a priori from independent considerations. To test the true statistical significance of the difference in q(Re/16) between young and old galaxies, we did an analysis involving bootstrap resampling. There are 50 galaxies in our sample for which q(Re/16) was measured. Let (t1, t2, . . . , t50) be the estimated ages of these galaxies and (q1, q2, . . . , q50) be their values of q(Re/16). For each resampling of the data, we randomly drew 50 values of t, with replacement, from (t1, t2, . . . , t50) and paired them with 50 values of q drawn randomly, with replacement, from (q1, q2, . . . , q50). For these 50 random (t, q) pairs, we found the value of t0 which minimizes the value of PKS when comparing the values of q for galaxies with t > t0 to those of galaxies with t ≤ t0. After performing 10 6 resamplings, we found that a fraction f = 0.0012 of the resampled data sets had a minimized PKS less than 0.00034, the value found for the original data set. For comparison, when we did the same analysis using q(Re) as the fiducial axis ratio, we found that a fraction f = 0.43 of the resampled data sets had a minimized PKS less than 0.087, the value for the original data set. Thus, we may conclude that the difference in shape between young and old galaxies is not statistically significant at R = Re, but is significant at R = Re/16. Terlevich & Forbes (2000) found only a weak correlation between apparent axis ratio and age for the elliptical galaxies in their catalogue; however, the axis ratios they used were measured at the effective radius, and at Re, as we have seen, the difference in shape between young and old ellipticals is not statistically significant.
The statistical significance of the difference in shape between young and old galaxies at small radii (R = Re/16) is not highly dependent on the choice of the dividing time t0 between old and young galaxies; PKS < 0.01 for all values of t0 in the range 4.1 Gyr < t0 < 11 Gyr. A dividing time t0 of several gigayears is very much longer than the dynamical time t dyn at R = Re/16; for the galaxies in our sample, the dynamical time at R = Re/16 is of order t dyn ∼ 1 Myr.
Given a sample q1, q2, . . ., qN of apparent axis ratios, it is possible to use kernel density estimators to approximate the underlying distribution function f (q) for the apparent axis ratios. The upper panel of Figure 2 shows the kernel estimate for the distribution of q measured at small radii (R = Re/16) for young ellipticals (t ≤ 7.5 Gyr). A Gaussian kernel was used with a bandwidth h = 0.056. The bandwidth used was computed from the formula h = 0.9σN −0.2 , where σ is the standard deviation of the sample; this value of h minimizes the integrated mean square error for samples which are not strongly skewed (Silverman 1986; Vio et al. 1994) . The solid line is the best fit found to the data. The dashed lines give the 80 percent confidence interval, found by bootstrap resampling of the original data set. That is, at any value of q, 10 percent of the estimates found by bootstrap resampling lie above the upper dashed line and 10 percent lie below the lower dashed line. The dotted lines give the 98 percent confidence interval, found by the same bootstrap technique. The scarcity of nearly circular isophotes (q > ≃ 0.8) is a characteristic signature of a population of triaxial objects. However, given the small sample size (N = 23) of young elliptical galaxies with isophotal data at R = Re/16, the strongest statement we can make is that if the inner regions of young ellipticals are randomly oriented and spheroidal (either oblate or prolate), few of them can have an intrinsic axis ratio γ > ≃ 0.8. The lower panel of Figure 2 shows the kernel estimate for the distribution of q measured at small radii (R = Re/16) for old ellipticals (t > 7.5 Gyr). A Gaussian kernel was used with a bandwidth h = 0.043. As compared to the young ellipticals, the old ellipticals are more likely to have nearly circular central isophotes (q > ≃ 0.8). The observed apparent shapes are consistent with the hypothesis that the central regions of old ellipticals are oblate; they are also consistent with the hypothesis that they are prolate. In sum, the apparent shapes of young and old ellipticals are consistent with a scenario in which the central regions of elliptical galaxies evolve from being flattened triaxial ellipsoids to being nearly spherical oblate spheroids; however, the data do not require such a scenario.
CORE VERSUS POWER-LAW
The intrinsic axis ratios of an elliptical galaxy may change with time; so may its luminosity profile. Elliptical galaxies can be divided into two classes, based on the shape of their luminosity profiles. Power-law ellipticals have luminosity densities in their inner regions which are well fitted by a pure power law all the way to the limit of resolution. Core ellipticals, by contrast, have luminosity densities which show a break to a shallower inner slope Forbes et al. 1995; Lauer et al. 1995) . The break radius for core galaxies is generally a few percent of the effective radius (Faber et al. 1997) ; thus, for a typical core elliptical, our innermost reference radius at R = Re/16 is comparable to, or slightly larger than, the break radius.
The discovery of the core/power-law dichotomy has led to speculation about its cause. In the scenario of Faber et al. (1997) , power-law ellipticals form in gas-rich mergers. In such a merger, dissipation and angular momentum transfer permits the gas to fall toward the centre, and naturally give rise to a steep power-law profile in the merger remnant (Barnes & Hernquist 1991 , 1996 Mihos & Hernquist 1994 , 1996 . We might expect the gaseous nature of the power-law galaxies' formation to be accompanied by a burst of star formation and the formation of a stellar disc (de Jong & Davies 1997) . The origin of core ellipticals is more problematic. Faber et al. (1997) suggest that core galaxies form in largely dissipationless mergers; a low-density core is 'scoured out' by the black hole binary which forms by orbital decay of the black holes in the progenitor galaxies (Eisuzaki et al. 1991; Makino & Eisuzaki 1996) . The central black hole which results from the coalescence of the binary maintains the central low density of the core by tidally disrupting any high-density satellite galaxies subsequently accreted by the core elliptical (Faber et al. 1997; Merritt & Cruz 2001) .
To test the correlation among age, profile type, and isophote axis ratio, we have determined the profile type (core or power-law) for as many of the 74 ellipticals in our galaxy sample as possible (either from the literature or deriving them ourselves). The resulting profile types are given in Table 1. In assigning profile types, we followed the definition of Faber et al. (1997) that a core galaxy has a surface density profile with a logarithmic slope d log I/d log R > −0.3 inside its break radius. In the case of NGC 7626, HST WFPC2 imaging yields a core profile at V and I (Carollo et al. 1997 ), but NICMOS imaging yields a power-law profile at 1.6µm (Quillen et al. 2000) . We assign NGC 7626 a core profile, for consistency with other systems for which only V or I images are available.
Of the 74 ellipticals in our sample, 53 had HST images which permitted classification of their profile type. The 22 power-law galaxies have a mean and standard deviation for their ages of t = 6.9 ± 3.5 Gyr. For the 29 core galaxies, the mean and standard deviation are t = 8.6 ± 3.3 Gyr. Figure 3 shows the distribution function for the ages of the power-law galaxies (top panel) and the core galaxies (bottom panel). A KS test comparing the distribution of ages for the two different types of galaxy yields PKS = 0.017.
The power-law galaxies are significantly younger, on average, than the core galaxies. Of the power-law galaxies, 13 fall into the 'young' category (t ≤ 7.5 Gyr) and 9 into the 'old' category. Of the core galaxies, by contrast, only 8 are young and 23 are old. Since profile type correlates with age, and age correlates with axis ratio (in the central regions of a galaxy), it is not surprising that profile type correlates with axis ratio. In Figure 1 , the core galaxies (symbolised by squares) and the power-law galaxies (symbolised by triangles) lie in different regions of the q − t plane. Particularly when q is measured at R = Re/16, it is seen that powerlaw galaxies are younger and flatter; core galaxies are older and rounder. Table 3 gives the numbers Npower and Ncore of power-law and core ellipticals in our sample at each reference radius, as well as the mean axis ratios q power and q core and the KS probability measuring the difference in the shape distribution for power-law and core ellipticals. Note that at most radii, the difference in shape between powerlaw and core ellipticals is comparable in significance to the difference in shape between young and old ellipticals. This difference in shape between core and power-law ellipticals was indirectly uncovered by Tremblay & Merritt (1996) , who found that ellipticals brighter than MB = −20 were rounder in projection than fainter ellipticals. Since ellipticals brighter than MB = −20 are predominantly core galaxies while those fainter are predominantly power-law galaxies, the dependence of shape on luminosity is a reflection of the dependence of shape upon profile type. The upper panel of Figure 4 shows the kernel estimate for the distribution of q at small radii (R = Re/16) for the power-law ellipticals in our sample. A Gaussian kernel was used with a bandwidth h = 0.056. Note, in the best-fitting estimate (given by the solid line), the scarcity of power-law galaxies with nearly circular isophotes. Of the 21 power-law ellipticals with isophotal information at Re/16, only one (NGC 4339) has q > 0.82. This scarcity of round isophotes is highly implausible in a population of randomly oriented oblate spheroids. For such a population, the distribution function of the intrinsic axis ratio γ that minimizes the number of nearly circular isophotes is a delta function at γ = 0 (reflecting a population of infinitesimally thin discs). This distribution for γ produces a uniform distribution for q over the range 0 ≤ q ≤ 1. Thus, for a population of infinitesimally thin circular discs, which minimizes the number of nearly circular isophotes given the oblate hypothesis, the probability of seeing 0 or 1 galaxies out of 21 with q > 0.82 is only P = (0.82) 21 + 21(0.82) 20 (0.18) = 0.086. For a more plausible distribution of γ (that is, one that would not overestimate the number of galaxies with small q), the probability P of finding so few nearly circular isophotes would be smaller still.
The distribution of q for core ellipticals, as measured at R = Re/16, is displayed in the lower panel of Figure 4 . A Gaussian kernel was used, with h = 0.039. For the sample of core galaxies, there is no scarcity of nearly circular isophotes. Of the 28 core ellipticals with isophotal information at Re/16, 18 have q > 0.82. Neither the oblate or prolate hypothesis can be rejected. If the inner regions of core ellipticals are oblate, the mean intrinsic axis ratio is γ o = 0.75; if the inner regions are prolate, the mean intrinsic axis ratio is γ p = 0.78.
In summary, the distribution of axis ratios for powerlaw ellipticals, as measured at R = Re/16, is inconsistent with the hypothesis that their central regions are randomly oriented oblate spheroids. The distribution of axis ratios for core ellipticals, at the same reference radius, is consistent with the hypothesis that they are randomly oriented and spheroidal (either oblate or prolate).
IMPLICATIONS
We have shown that elliptical galaxies with estimated assembly ages t > 7.5 Gyr are rounder in projection than younger ellipticals; the statistical significance of the shape difference is greater at smaller radii. Similarly, we have shown that core elliptical galaxies are rounder in projection than power-law ellipticals; the significance of the shape difference is likewise greater at smaller radii. It is no coincidence that the solid lines in the two panels of Figure 3 , giving the age distribution for power-law and core galaxies, intersect at an age t ≈ 7.5 Gyr. Our sample of old galaxies, with t > 7.5 Gyr, consists primarily of core ellipticals, while our sample of young galaxies, with t ≤ 7.5 Gyr, consists mainly of powerlaw galaxies.
Our results are consistent with the Faber et al. (1997) scenario, in which power-law galaxies form in gas-rich mergers and core ellipticals form in dissipationless mergers, with shallow density cores created and maintained by the influence of central black holes. The core elliptical galaxies have relatively old stellar ages, in this scenario, since their most recent major merger was dissipationless, without an accompanying burst of star formation. Since the core scoured out by a central black hole tends to be nearly spherical (Merritt 2000) , it would also explain why the central isophotes of core ellipticals tend to be nearly spherical. By contrast, the gas-rich mergers which form power-law galaxies are accompanied by a burst of star formation, and tend result in the formation of a central stellar disc (de Jong & Davies 1997) . Thus, the age t of a power-law galaxy reflects the time since the merger in which it was created; the flattened central isophotes of power-law galaxies reflect the presence of the disc which formed in the merger.
One question that arises, though, is why there are so few old power-law galaxies. There was no shortage of gasrich mergers at t > 7.5 Gyr; indeed, the ratio of gas-rich to gas-poor mergers tends to decrease with time. One way in which old power-law galaxies are destroyed is through mergers. If a power-law galaxy undergoes a dissipational merger, the resulting galaxy will still have a power-law profile, but will have a younger age t, thanks to the star formation which accompanies a dissipational merger. If, by contrast, a powerlaw galaxy undergoes a dissipationless merger with a large core elliptical, the resulting galaxy will have a core profile, as the central density cusp of the power-law galaxy is disrupted by the central black hole of the core elliptical (Merritt & Cruz 2001) . Thus, mergers tend to convert old power-law galaxies (where 'old' is a description of the age of the central stellar population) into young power-law galaxies if the merger is gas-rich, or into old core galaxies if the merger is gas-poor.
At all events, the observed correlation among luminosity profile type, axis ratio, and age of stellar population provides a useful constraint for all future studies of the origin of the core/power-law dichotomy.
